Using the [SU (3) L × SU (3) R ] global × [SU (3) V ] local chiral Lagrangian with hidden local symmetry, we evaluate the cross sections for the absorption of eta meson by pion, rho meson, kaon, and vector kaon, and find that except near threshold their values are about a few mb. Including these reactions in a kinetic model based on a schematic hydrodynamic description of relativistic heavy ion collisions, we find that if the eta meson is produced statistically at hadronization of the initial quark-gluon plasma, its number is affected only slightly by absorption and regeneration during the evolution of the subsequent hadronic matter.
I. INTRODUCTION
Besides the intrinsic interest of studying eta meson production in heavy ion collisions [1] , knowledge of the eta meson dynamics in the hot dense matter formed in these collisions is also important for understanding other observables measured in experiments. For example, to extract information on the rho meson in-medium properties from the dilepton spectrum it emits requires reliable knowledge on the number of eta mesons produced in heavy ion collisions as eta mesons through their Dalitz decays contribute significantly to the low-mass dileptons measured in these collisions [2] . Also, the two-pion correlation function measured via the Hanbury-Brown-Twiss interferometry are affected by pions from eta decays [3] . Understanding the eta meson dynamics is thus essential for extracting the size of the pion emission source from the pion interferometry. In heavy ion collisions at energies available from the Heavy Ion Syncrotron (SIS) at the German Heavy Ion Research Center (GSI), whose dynamics is dominated by baryons, the final eta number is mainly determined by its interaction with the nucleon through the N(1535) resonance [4] , which has a branching ratio of about 35% decaying into pion and nucleon. At higher energies from the Super Proton Syncrotron (SPS) at the European Organization for Nuclear Research (CERN), the matter becomes more dominated by mesons, and the eta-meson interaction is thus important in determining the final eta yield [5] . For heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL), the final hadronic matter is largely made of mesons, and it is even more crucial to have a better knowledge of the cross sections for eta meson absorption by mesons.
In this paper, we shall use the [SU(3) L × SU(3) R ] global × [SU(3) V ] local chiral Lagrangian with hidden local symmetry [6] to study the cross sections for the absorption of an eta meson by pion and rho meson via the reactions πη → KK, πη → K * K * , and ρη → KK * (KK * ) as well as by kaon and its resonance via the reactions K(K * )η → K(K * )π and K(K * )η → K * (K)ρ. In evaluating the cross sections for these reactions, we do not include the effects due to axial vector mesons a(980) and a(1450) as studies based on the non-linear chiral Lagrangian have shown that contributions from these resonance are unimportant compared to those from the vector meson exchange and contact interactions [7] . These cross sections are then used in a kinetic model to study their effects on the eta meson abundance in heavy ion collisions at RHIC. This paper is organized as follows. In Section II, we give a brief description of the
Lagrangian with hidden local symmetry. The interaction Lagrangians needed for describing the absorption of an eta meson by various mesons are derived in Section III. The cross sections for these reactions are given and evaluated in Section IV. In Section V, the time evolution of eta meson abundance in relativistic heavy ion collisions is studied in a schematic model. Finally, a summary is given in Section VI.
II. CHIRAL LAGRANGIAN WITH HIDDEN LOCAL SYMMETRY
An effective theory for hadrons interacting at low energies can be constructed based on the hidden local gauge symmetry [6] . In this approach, vector mesons are introduced as the gauge bosons of the hidden local symmetry of the nonlinear chiral Lagrangian. For hadrons in the SU(3) multiplets, which are relevant for present study, it is constructed with two SU(3)-matrix valued variables ξ L (x) and
with
with f π being the pion decay constant and the symbol denoting the trace of 3 × 3 matrix. The covariant derivative D µ ξ L,R in the above equation is given by
with the dynamical gauge bosons of the hidden local symmetry, V µ , identified with the nonet of vector mesons,
leads to the usual lowest-order chiral Lagrangian
with U = ξ 2 . In the above, η 8 and η 1 are related to physical η and η ′ by
where θ = −19.5
• is the mixing angle. The SU(3) symmetry breaking effects are taken into account by introducing in the Lagrangian the mass term
with the mass matrix M given by
Also, L A and L V are modified as follows [8] :
, where c A(V ) are real parameters to be determined by empirical hadron masses and decay constants. Expanding the pseudoscalar fields in Eq. (7) shows that the kinetic terms for K and η are renormalized by the symmetry breaking term. The proper kinetic terms can be recovered by rescaling the K and η fields according to [8] 
As a result, the kaon and eta decay constants are related to the pion decay constant by
and masses of vector mesons become different, i.e.,
Expanding the Lagrangian up to four meson fields leads to interaction Lagrangians of the VPP, VVPP, and PPPP types that are relevant for eta meson absorption by pion, rho meson, kaon, and vector kaon. They are given by
III. INTERACTION LAGRANGIANS
Since pion and rho meson are most abundant in heavy ion collisions at RHIC, the dominant reactions for eta absorption in the hot hadronic matter are thus πη → KK, πη → K * K * , and ρη → KK * (KK * ). The Feynman diagrams for these reactions are shown in Fig. 1 . In general, there are t and u channel meson-exchange diagrams as well as a four point contact diagram. The latter is, however, missing for the reaction πη → K * K * due to the absence of the πηK * K * coupling in the interaction Lagrangians as shown below. From Eq.(15), the interaction Lagrangian densities that are needed for evaluating the diagrams in Fig. 1 are given by 
,
In the above, τ are Pauli matrices for isospin; and π and ρ denote the pion and rho meson isospin triplet, respectively; and
T denote the pseudoscalar and vector strange meson isospin doublet, respectively.
Diagrams for η absorption by K and K * mesons.
The above interactions Lagrangians also allow us to study the absorption of eta meson by kaon and its resonance via the reactions Fig. 2 .
For the parameters in the above Lagrangians, we use the empirical value f π = 92.4 MeV for the pion decay constant and choose the parameter a = 2 to recover the vector dominance model. The universal vector coupling constant g = 5.89 is obtained from the rho meson decay width Γ ρ = 150 MeV, while the parameters c V and c A are taken to be c V = 0.36 and c A = 0.49 to reproduce the phi meson mass m φ = 1020 MeV and the empirical kaon decay constant f K = 1.22f π [9] .
IV. CROSS SECTIONS FOR ETA ABSORPTION BY MESONS
The amplitudes for the reactions in Fig. 1 can be written as
where ǫ iµ is the polarization vector of the vector meson. The three terms M 1a , M 1b and M 1c are for the top three diagrams in Fig. 1 and are given by
The amplitudes M 2a and M 2b are for the middle two diagrams, and they are
The amplitudes M 
In the above, subscripts 1 and 2 denote the initial-state particles in the order from left to right in Fig. 1, while 3 
2 are the squared four momentum transfers in the t and u channels, respectively.. The amplitudes for the reactions shown in Fig. 2 can be obtained from those for the reactions shown in Fig. 1 by using the crossing symmetry, The squared invariant amplitudes |M k | 2 can be evaluated using the software package FORM [10] . In calculating the cross sections, form factors are introduced at interaction vertices, and they are taken to have the same form used previously in studying J/ψ absorption [11] and charmed meson scattering [12] by mesons. For three-point vertices, i.e., πKK * , ηKK * , ρKK, and ρK * K * , the form factors are taken to have the form
where q 2 is the squared three momentum transfer. For four-point contact vertices, i.e., πηKK and ρηKK * , they are taken to have the form
where Λ 1 and Λ 2 are two different cutoff parameters at the three-point vertices present in the processes with the same initial and final particles, and q 2 is the average value of the squared three momentum transfer in t and u channels. All cutoff parameters are taken to be 1 GeV in present study.
Integrating the four momentum transfer t leads to the following total cross sections:
where p f is the 3-momentum of final particles in their center-of-mass frame and |M k | 2 is related to |M k | 2 in Eq.(21) by 
with F denoting the appropriate form factors at interaction vertices. The cross sections for eta absorption by pion and rho meson are shown in Fig. 3 , while those by kaon and its resonance are shown in Fig. 4 . It is seen that except near threshold the cross sections for all reactions are a few mb, with the reaction πη →KK having the largest cross section. The magnitude of these cross sections depend on the value of the cutoff parameter. Changing its value by a factor of two results in a change of these cross sections by about a similar factor.
The results shown in Figs. 3 and 4 can be conveniently reproduced by parameterizing the squared matrix elements shown in Eq.(24) according to
where s 0 is the total threshold energy for a reaction, and the parameters a, b, c, d, and e for the different reactions considered in present study are given in Table I .
V. ETA PRODUCTION IN RELATIVISTIC HEAVY ION COLLISIONS
In this section, we study the effect of eta absorption processes studied in previous sections on the time evolution of its abundance in heavy ion collisions at RHIC. We shall describe the collision dynamics in a schematic hydrodynamic model and assume that the hadronic matter is in thermal equilibrium throughout the collision. Furthermore, we assume that pions, rho mesons, and kaons as well as their resonances are in chemical equilibrium during the collision because of their larger interaction cross sections. On the other hand, the eta meson is taken to be in chemical equilibrium only in the beginning of the hadronic stage after hadronization of the quark-gluon plasma. Its abundance during the evolution of the subsequent hadronic matter is described by a kinetic model that takes into account its absorption and regeneration.
A. rate equation
The density of etas, denoted by n η , changes in time according to the following rate equation [13] :
where u µ = γ (1, v) is the four velocity of the hadronic matter fluid element of velocity v and γ denotes the Lorentz factor. The source term Ψ is given by
where n a , n b , and n c are densities of meson types a, b, and c, respectively. The thermal averaged eta absorption and production cross sections are denoted by σ aη→bc v and σ bc→aη v , respectively, with v the relative velocity of initial two interacting particles. The thermal averaged eta production cross sections are related to those of eta absorption cross sections by
where n eq denotes the equilibrium density, i.e.,
In the above, g and m are the degeneracy and mass of a hadron, T is the temperature of the hadronic matter, and K 2 is the modified Bessel function of the second kind. Using the above relation, the rate equation can be written as
B. thermal averaged eta absorption cross sections
With particle momenta in the hadronic matter approximated by the Boltzmann distributions, the thermal averaged cross sections can be expressed as [13] 
where α i = m i /T , z 0 = max(α 1 + α 2 , α 3 + α 4 ), and K 1 is the modified Bessel function of the first kind. The resulting temperature dependence of σv is shown in Fig. 5 for the reactions πη → KK, πη → K * K * , and ρη → KK * (KK * ), and in Fig. 6 for the reactions
It is seen that σ πη v increases with increasing temperature, while σ ρη v and others vary only moderately with temperature. These features can be understood from the energy dependence of the cross sections showed in Figs. 3 and 4 and differences between the threshold energies of the reactions. 
C. collision dynamics at RHIC
Since the particle distribution in central heavy ion collisions at RHIC is approximately uniform in midrapidity and the geometry of the collision is cylindrically symmetric, it is convenient to use the cylindrical coordinates r, ϕ, τ , and η with the latter given by
Assuming longitudinal boost invariance and allowing for radial transverse expansion, then one has u η = u ϕ = 0. For uniform density distribution in the transverse plane, averaging over the radial coordinate gives
In the above, R(τ ) is the transverse radius of the system and u τ is the averaged τ component of the four velocity and is given by
At midrapidity, the four velocity of hadronic fluid element u µ can be expressed in terms of the radial flow velocity β r as With the usual ansatz for the radial velocity, i.e.,
we have
To determine the time evolution of the transverse radius of the fireball, we follow the model used in Ref. [14] . Since we are interested in the time evolution of the eta abundance during the hadronic phase of the collision, we start from the end of the mixed phase τ H and write
In the above, R H ≈ 9 fm and v H ≈ 0.4c are, respectively, the transverse radius and flow velocity of the fireball at τ H = 7.5 fm/c, while a = 0.02c 2 /fm is the acceleration in the transverse expansion. Values of these parameters are determined from fitting the measured transverse energy ≃ 788 GeV as well as the extracted freeze out temperature T F = 125 MeV and transverse flow velocity ≃ 0.65c of midrapidity hadrons in central Au+Au collisions at √ s N N = 200 GeV. Assuming that the hadronic matter expands isentropically, the time dependence of the temperature of the fireball obtained in Ref. [14] can be parameterized as
where T H is the temperature of the hadronic matter at the end of the mixed phase and is thus the same as the critical temperature T C for the quark-gluon plasma to hadronic matter transition. As in Ref. [14] , we take T H = T C = 175 MeV. The freeze out temperature T F = 125 MeV then leads to a freeze out time τ F ≈ 17.3 fm/c. To study how the eta meson abundance evolves in time, we consider two scenarios for the initial eta meson number, i.e., no eta meson is present at τ H or the eta meson is in chemical equilibrium with other hadrons at τ H as in the statistical model [15] . In the first case, subsequent hadronic interactions increase the final eta meson number to about 21 at freeze out, as shown by the dotted line in Fig. 7 . This scenario is, however, unrealistic as we expect eta mesons to be appreciably produced during hadronization of the quarkgluon plasma. For example, in the quark coalescence model [16] , the number of eta mesons produced at hadronization ranges from 12 for a small eta meson root mean square radius of 0.5 fm to 37 for a larger radius of 1 fm. In the second scenario of equilibrated eta mesons, the initial eta meson number is N(τ H ) ≈ 35. Including subsequent hadronic absorption and regeneration does not change much the eta abundance, and its number at freeze out is increased slightly to about 36 as shown by the solid line in Fig. 7 . This result is consistent with the assumption of the statistical model that hadron abundances in heavy ion collisions at RHIC are largely determined at hadronization. For comparison, we have also shown in Fig. 7 by the dashed line results from the assumption that eta mesons are always in chemical equilibrium with other hadrons during the hadronic evolution. In this case, the eta number shows a small initial increase that is followed by a decrease to about 31 at freeze out.
VI. SUMMARY
Knowledge of eta meson interactions in hadronic matter is not only of interest in its own right but also important for extracting information on the properties of the hot dense matter formed in high energy heavy ion collisions. Since there is no empirical information on the scattering cross sections of the eta meson with pion and rho meson as well as kaon and its resonance, which are the most abundant particles in high energy heavy ion collisions, we have evaluated these cross sections using the [SU(3) L × SU(3) R ] global × [SU(3) V ] local chiral Lagrangian with hidden local symmetry and including symmetry breaking effects. We find that except near threshold the cross sections for the reactions πη → KK, πη → K * K * , ρη → KK * (KK * ), K(K * )η → K(K * )π and K(K * )η → K * (K)ρ all have values of a few mb. To see the effects of these reactions on the yield of eta mesons in relativistic heavy ion collisions, we have solved a kinetic equation to follow the time evolution of the abundance of eta mesons using a schematic model for describing the dynamics of heavy ion collisions. We find that if eta mesons are initially in both thermal and chemical equilibrium after hadronization of the quark-gluon plasma, their abundance is increased only slightly during subsequent expansion of the system. Our results thus support the assumption used in the statistical model that hadron abundances in heavy ion collisions at RHIC are largely determined at hadronization.
